Abstract: The present histochemical study was carried out to analyze the distribution and topography of acetylcholinepositive nerve fibers in the thymus and bursa of Fabricius of quails. The AChE-positive nerve fibers were demonstrated by direct thiocholine histochemical method. Nerve fibers present in the thymuses form periarterial nerve plexuses located mostly in the interlobular septa and on the cortico-medullary junction. Vessels-independent nerve fibers occur also in the parenchyma of thymic medulla, but rarely in parenchyma of the cortex. Within the connective tissue between the bursa of Fabricius and the wall of proctodeum we observed conspicuous AChE-positive ganglia, often in close relationship to greater arteries. Within the wall of bursa of Fabricius, AChE-positive nerve fibers create nerve plexuses around arteries. We observed a close relationship between lymphoid follicules in bursal submucosa and mucosa and AChE-positive nerve fibers. Nerve fibers create a ring around lymphoid follicles, but do not penetrate into the germinal center of the follicle. Arteries inside quail thymuses and bursae of Fabricius contain rich AChE-positive nerve plexuses, when compared to the veins, which have a very poor presence of AChE-positive nerves. According to lesser presence and decreased density of AChE-positive nerve fibers in older animals, we described age-dependent changes in both quail primary lymphoid organs.
Introduction
From a morphological point of view, the primary lymphoid organs are of special interest because they are involved in the generation of the primary repertoire of antigen-specific receptors expressed on lymphocytes (Boehm & Bleul 2007) . In all jawed vertebrates, the thymus is the major site for T-lymphocyte maturation . On the other hand, the sites for B-cell lymphopoiesis are less clear and B-lymphocyte development can occur in a variety of anatomical sites. In birds, the bursa of Fabricius (so-called bursa cloacalis) is critical for the normal development of B-lymphocytes (Glick 1994; Ratcliffe 2006) .
The history of research of avian bursa cloacalis began with its description by the Italian anatomist and "The Father of Embryology" Hieronymus Fabricius (1533 Fabricius ( -1619 and with the discovery of its pivotal role in humoral immunity in the 1950s. Microenvironmental studies in the 1970s and 1980s announced the importance of bursal epithelium, secretory dendritic cells, and other reticuloepithelial cells in interpreting the ontogeny of B-lymphocyte differentiation (Glick 1991; Smith et al. 2004) . The avian bursa of Fabricius is a hollow, blind-ending sac between the dorsal wall of the proctodeum and vertebral column. It is connected to the cloaca through a narrow opening. The mucosa of bursa of Fabricius creates approximately 10 to 12 longitudinal folds in which numerous and tightly packed lymphoid follicles are placed (Kocisova et al. 2000) .
The thymus is the most ancient primary lymphoid organ known and a component of the adaptive immune systems of all vertebrates (Havrlentova et al. 2012) . Since the first description by Claudius Galenos of , the thymus has remained an "organ of mystery" throughout the 2,000 years of history of biology and medicine (Kachlik et al. 2008) . The general anatomical and histological description of thymus is complicated, because the thymus rapidly changes its microscopic structure under exogenous negative stimuli (e.g., hormones, pesticides, certain diseases, poor nutrition, stress, and radiotherapy) (Flesarova et al. 2007; Moore et al. 2009; Varga et al. 2009 Varga et al. , 2011a and it involutes with age. The dramatic decrease in cellular content and volume of the whole organ is characteristic for an age-related involution (Bodey et al. 1997; Varga et al. 2011b ). The thymus is an encapsulated organ. The parenchyma is subdivided with a septa into incomplete lobules, each of which contains a cortical and a medullar part (Hale 2004; Rezzani et al. 2008 ). Hassall's bodies are typical structures of the thymic medullar part. They are multi-cellular epithelial structures, variable in numc 2013 Institute of Zoology, Slovak Academy of Sciences ber and size. They have not only distinctive histological appearance in one species (under both, normal and pathological conditions), but they have different occurrence and structure throughout different animal species (Bodey et al. 2000; Raica et al. 2006; Varga et al. 2010) .
In different scientific databases only few actual works exist that are focused on the morphology of avian primary lymphoid organs. Some investigations have been carried out in an electron-microscopic study by Schoenwolf & Singh (1981) , a study of age-related changes (Ciriaco et al. 2003) , embryonic development (Kumar et al. 2004; Kumar et al. 2005) or morphology of vasculature (Abbate et al. 2007; Scala et al. 1989) of avian bursa of Fabricius and thymus. Milićević et al. (2002) studied the effect of the immunosuppressive drug cyclosporine A on the morphological structure of chickens' primary lymphoid organs. Cyclosporine A was found to block the differentiation and activation of Tlymphocytes inside the thymus, but also induce striking morphological changes of the bursa of Fabricius.
Our paper is focused on histochemical description of topography and distribution of components of autonomic innervations (acetylcholinesterase-positive nerves) inside quail's primary lymphoid organs during the early postnatal period.
Material and methods
The study of the innervation of the bursa of Fabricius and thymus was performed on histological sections obtained from twenty quails of both sexes from day 1 after hatching until day 120 of age. The quails were farmed in outside fowl-runs with natural light and with free access to food and water. The animals of different age (subdivided into five groups per 4 quail in each group, with age: 1 day, 7 days, 14 days, 60 days and 120 days after hatching) were killed by ether narcosis and their bursae of Fabricius and thymuses were removed.
During two hours, the samples of primary lymphoid organs were fixed in 4% formaldehyde at 4
• C. Sections (20 µm thick) were prepared on a freezing microtome and incubated in the incubation solution during the period of 2-4 h at 37
• C. The acetylcholinesterase (AChE)-positive fibers in the thymus and bursa of Fabricius were visualized by a direct thiocholine method according to El Badawi & Schenk (1967) to provide cytochemical proof of AChE. In this method acetylcholinesterase present in the cholinergic nerves releases thiocholine from acetylthiocholine, which reduces potassium ferricyanide to potassium ferrocyanide, capable of producing insoluble copper ferrocyanide with copper ions (Hatchett's brown). All substrates as well as the inhibitor of nonspecific cholinesterase are present in the incubation solution. The exact composition and preparation of incubation solution with the final pH 5.6 to 6.0 was described previously (Dorko et al. 2011a, b) . Elaborated samples were assembled on slides and examined under a light microscope Olympus Provis AX, which allowed take microphotographs.
All experiments were conducted in accordance with European Directive for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes (86/609/EU) and approved by the State Veterinary and Food Administration of Slovak Republic by decision No. 1696/07-221a. 
Results

Thymus of quails
During the first week after hatching, thymic AChEnerve fibers were present as inconspicuous, thin fibers nearby greater arteries. These periarterial fibers were located mostly in the cortico-medullary junction, but occasionally also solitary nerve fibers were found in the thymic cortex and connective tissue capsule independent on arteries.
Over the age, number and density of nerve structures in the thymuses were increasing. Nerve fibers of two-month-old chickens formed typical plexuses around arteries, which were running within the connective tissue septa (Fig. 1 ). These arteries with AChE-positive nerve fibers ramify at cortico-medullary junction and the thymic medulla. AChE-positive nerve plexuses were observed also around the thinnest arterial terminals. On the other hand, AChE-positive nerve fibers not associated with arteries (but they originally arose from periarterial plexuses) were observed also within the thymic medulla and rarely also in the cortex.
Later, 120 days after hatching, morphological signs of age-related involution were observed (thicker connective tissue septa and more adipose tissue). AChEpositive nerve fibers were observed in lower numbers, mainly in the periarterial topoghraphy; they were presented also in the parts of organ full-filled with adipose tissue (Fig. 2) .
According to our observations, the arteries and veins differ with regard to the innervation with AChEpositive nerve fibers. Arteries of the quail's thymuses contain rich AChE-positive nerve plexuses compared to veins, which have very poor presence of AChE-positive nerves. AChE-positive nerve fibers were mostly associated with arteries, thin nerve fiber independent on arteries were also observed. These "arteries-independent" AChE-positive nerve fibers were found mostly in the medulla, and cortico-medullary junction, but rarely in the cortex. The middle part of the cortex, in which nu- Fig. 2 . Reduced AChE-positive nerve plexuses in thymus after age-related involution. Some thin nerve fibers (arrow) penetrate to the thymic parenchyma (4-month-old quail). Scale 100 µm. Fig. 3 . AChE-positive ganglia (1) and thick nerve fibers (2) nearby greater artery (3) in the connective tissue around the bursa of Fabricius (seven-day-old quail). Scale 100 µm. merous lymphocytes are settled, is very poor in AChEpositive nerve fibers.
Bursa of Fabricius of quails
Bursa of Fabricius, as a part of digestive tube, has a similar structure to the gut. In cross sections we can recognize a thin serous and subserous connective tissue layer, longitudinal and circular muscle layers, submucosa and mucosa composed of 10 to 12 longitudinal folds. Surprisingly, we observed the highest density of AChE-positive nerve fibers not inside the wall of the bursa of Fabricius, but in the fibrous connective tissue between the wall of proctodeum and bursa of Fabricius. Nearby greater arteries, we found conspicuous ganglionic AChE-positive neurons and relatively thick AChE-positive nerve fibers (Fig. 3) .
According to our observation, inside the bursa of Fabricius of quails intra-bursal AChE-nerve fibers are present. These nerve fibers are evident even at day one after hatching and they are located mainly along the vessels in the connective tissue of submucosa. From day one after hatching to the second month, the density and ramification of AChE-positive nerve fibers increase and we observed noticeable fibers not only in submucosa (nearby mucosal folds), but also between two layers of muscularis. Around the second month after hatching, we observed the highest density of nerve fibers, and we think that this period belongs to the stage of structural maturation of bursa of Fabricius. But we did not find AChE-positive ganglia inside these layers, similar to ganglia located between the wall of bursa of Fabricius and the wall of proctodeum. Most of AChE-positive nerve fibers create abundant periarteriolar nerve plexuses around arteries and arterial branches (Fig. 4) . In the wall of veins the occurrence of AChE-positive nerve fibers is very rare. We described also a close relationship between secondary lymphoid follicles in submusoca and mucosa and AChE-positive nerve fibers. Nerve fibers create a ring around lymphoid follicles, but do not penetrate into the germinal center of the follicle (Fig. 5) .
During the fourth month (120 days) after hatching we observed remarkable reduction of AChE-positive nerve fibers which is probably due to the physiological process of age-related involution of bursa of Fabricius. In the older individuals the presence of dense plexiform periarteriolar plexuses was observed only sporadically.
Discussion
Acetylcholinesterase (AChE) belongs to a family of homologous proteins that include other serine esterases like carboxylesterase, cholesterolesterase, as well as non-catalytic proteins like the C-terminal domain of thyroglobulin, glutactin and neurotactin, involved in cellular interactions (Krejci et al. 1991) . In vertebrates, AChE is particularly represented in the central nervous system, at the neuromuscular junction and in red blood cell membranes. AChE plays also an important and irreplaceable role in transmission of the nerve im- pulse in both the central and peripheral nervous system. Nonetheless, AChE affects also cell proliferation, differentiation and responses to various insults, including stress (Grisaru et al. 1999) . From clinical practice well-known anti-AChE antibodies belong to one of the causal factors of different autoimmune diseases as systemic lupus erythematosus, rheumatoid arthritis, Graves' disease with thyroid autoantibodies and ocular form of myasthenia gravis (Geen et al. 2004; Provenzano et al. 2010 ). Therefore it is interesting to identify histochemically different biomarkers (e.g., AChE) in different human and animal tissues during development, as well as during normal and pathological conditions (Pellicciari & Malatesta 2011) .
Our observation of the occurrence of AChEpositive nerve fibers in the primary lymphoid organ of quails is similar to our previous articles focused on innervation of the same lymphoid organs of chicken, pheasants and ducks (Kocisova et al. 1999 (Kocisova et al. , 2000 (Kocisova et al. , 2001 . We described differences in the innervations of arteries and veins. Cavallotti et al. (2000) found also specific AChE reactivity primarily in the wall of arteries and, to a lesser extent, in the veins in rats' thymuses.
The occurrence of AChE-positive nerve fibers is depending on the functional maturation of thymus and bursa of Fabricius. The fibers are very thin and inconspicuous in day one after hatching and the density of nerve fibers increase until the second month. This innervation is important for normal development of immunocompetent lymphocytes in both primary lymphoid organs, as it is evident in thymuses of severe combined immunodeficient (SCID) mice (Mitchell et al. 1997) . Only a few AChE-positive nerve fibers are located in the SCID thymus, but after the transfer of bone marrow from normal mice into SCID mice, there was a AChE reaction. This indicates that the innervations may be more important for the establishment of the microenvironment than the maintenance of lymphocytes differentiation. In bursa of Fabricius we described also a very close relationship between AChE-positive nerve fibers and secondary lymphoid follicles.
In our study we described an age-dependent involution of quail's primary lymphoid organs, too. According to our observation, involution does not affect only gross anatomical structure, ultrastructure and vasculature of both avian primary lymphoid organs (Scala et al. 1988; Ciriaco et al. 1989; Abbate et al. 2007 ), but also affects the AChE-positive innervation. Similar decreasing in density of nerve fibers in thymuses is known in mammals (Zirbes & Novotny 1992; Pospíšilová et al. 2008; Dorko et al. 2011b ).
